Abstract-Group III-V semiconductor nanotubes (SNTs) are formed when strained planar bilayers are released from the substrate. Compared to other nanotechnology building blocks, one of the main advantages of SNTs is the capability of precise positioning due to the top-down fabrication approach. In this letter, we demonstrate large-area assembly of ordered arrays of In x Ga 1 −x As/GaAs nanotubes and the dispersion of their freestanding form into solution and onto foreign substrates. In addition, we systematically investigate the crystal orientation dependence of rolling behavior using a wheel configuration, which serves as a guide for assembly homogeneity. Theoretical and experimental evaluations of tube diameters are also discussed.
I. INTRODUCTION
T HE MOST widely studied type of nanotubes is perhaps the carbon nanotubes (CNTs), first introduced by Iijima et al. in 1991 [1] . CNTs are formed by bottom-up methods such as chemical vapor deposition. The material architecture has proven to be of great interest for applications in nanoelectronic devices, solar cells, and chemical and biological sensing, etc.
Group IV and III-V compound semiconductor nanotubes (SNTs), a new paradigm, are formed by an entirely different process, a top-down approach. They were first fabricated by Prinz et al. in 2000, using strain-induced self-rolling of semiconductor bilayers grown by molecular beam epitaxy [2] . The rolling mechanism of SNTs is illustrated in Fig. 1 , using a bilayer consisting of thin InAs and GaAs films and an AlAs sacrificial layer grown on a GaAs substrate. InAs has a larger lattice constant than the substrate [ Fig. 1(a) ], and thus, is compressively strained [ Fig. 1(b) ], as long as the critical thickness is not exceeded. When it is released from the substrate by undercutting through selective etching of the AlAs layer [ Fig. 1(c) ], InAs has the tendency to relax and expand to its original lattice constant. It is, however, constrained by the top GaAs layer that resists the expansion to maintain its lattice constant. As a result, the moment of force M is generated within the bilayer to create a rolled-up geometry, where the outer wall accommodates the layer with larger lattice constant and the layer with smaller lattice constant resides in the inner wall. In general, as long as the two layers are relatively strained to each other, the rolling action takes place when they are detached from the substrate. SNTs formed this way were previously named as RUNTs for rolled-up nanotubes [3] .
II. EXPERIMENTAL
In order to form SNTs using the strain-driven mechanism, the first step is to grow the planar strained bilayer structure epitaxially. Metalorganic chemical vapor deposition (MOCVD) was used for this study. (1 0 0) on-axis GaAs was the growth substrate. The structures include an Al x Ga 1−x As (x > 0.6) sacrificial layer with thickness varied from 50 nm to 2 µm, followed by a strained bilayer consisting of an In x Ga 1−x As (x = 0.2 and 0.3) and a GaAs layer with nominal thickness of 6 nm each. The next step is to expose the sacrificial layer to etchant so that the bilayer can be released from the substrate. In the work presented here, photolithographic patterning was used to define the undercut mesa for bilayer detachment. The mask contained arrays of squares and rectangles with width and length ranging from 1 to 50 µm, and with varied orientations. Detailed patterning procedure was described previously [5] . SEM imaging was used to examine the topography, diameter of the formed tubes. Composition and thickness of the planar films were determined by energy dispersion spectroscopy (EDS) and scanning transmission electron microscopy (STEM), respectively.
III. RESULTS AND DISCUSSION
Based on the SNT formation mechanism, its diameter is determined by the bilayer strain and thickness. A macroscopic continuum mechanical model has been used to evaluate the tube diameter D using the following equation [6] - [8] : [5] , [7] - [11] .
We have varied the composition in the In x Ga 1−x As/GaAs bilayer structure from x = 0.2 to 0.3. The diameters obtained from the rolled-up tubes (see Fig. 2 ) are smaller than the theoretical values by ∼14%, corresponding to an additional strain of 0.003. Surface effects, including tension and possible surface reconstruction, are possible sources of additional strain [12] - [14] . Taking advantage of the top-down formation process, we have fabricated large areas of highly ordered arrays of In 0.3 Ga 0.7 As/GaAs nanotubes, as shown in Fig. 3 . The tubes are well aligned to the lithographically defined rectangular mesa patterns, due to the crystal orientation dependence and geometry effect [5] , [15] - [18] . The dimensions are 50 µm in length and ∼590 nm in diameter, with an aspect ratio of ∼85. The uniformity in the tube diameter measured along a tube and between different tubes is 9% in standard deviation. This is similar to a previous report [16] on Ga x In 1−x P bilayer tubes that were ∼2 mm long and 1 µm in average diameter. We attribute the diameter inhomogeneity to possible deviation of lithography patterns away from the crystal orientation that determines the rolling direction, as well as the variation in etch rate [15] .
It is worth pointing out that these SNTs are completely released from the substrate where no chemical bond exists between the substrate and the tubes. This indicates that surface tension might be responsible for the adhesion that holds the SNTs in place. Such arrays of SNTs should be readily lift off by a soft-contact transfer process and print to other substrates [19] .
The transferability of these SNTs can be simply demonstrated by removing them from the surface and dispersing into solution. Shown in Fig. 4 is a bundle of In 0.2 Ga 0.8 As/GaAs SNTs freed from GaAs substrates by sonicating in methanol bath, then depositing onto a silicon substrate using a pipette. Most of the tubes survive this transfer process without breakage, maintaining the tubular structural integrity (Fig. 4, inset) . A successful dispersion of functional freestanding tubes into the solution could enable applications as sensors in a test tube.
To ensure uniformity for large-area fabrication in diameter and orientation along an individual tube and from tube to tube, factors affecting the rolling behavior must be controlled carefully. To systematically investigate the orientation dependence of nanotube formation, we have used a wheel pattern. Shown in Fig. 5(a) is a lithographically patterned In 0.3 Ga 0.7 As/GaAs film with the wheel configuration before undergoing etching to release the bilayer from substrate. The orientations of the eight anchored rectangular stripes are centrally symmetric along 1 0 0 or 1 1 0 direction. The dimension of each pad is 35 µm long and 20 µm wide, with 5-µm-wide anchors.
The resulting topography of the pattern in Fig. 5 (a) released from substrate is shown in Fig. 5(b) . The center image shows all pads around the wheel while the zoomed-in images for each pad is laid out in outer periphery. It can be seen that tubes are formed from all pads along the diagonal lines ( 1 0 0 direction). For the four pads oriented along the two axes ( 1 1 0 directions), rolling still occurs in the 1 0 0 directions, which are along the corners of the free edges for these pads and thus "turn-over" triangular patterns are formed.
The persistence of rolling along the 1 0 0 direction, independent of the stripe pattern orientation, apparently results from the anisotropy of stiffness in cubic crystals [4] , [10] , [20] , [21] . It is evident that deviation from the 1 0 0 rolling direction would lead to a twist of rolling, thus nonuniformity in diameter. On the other hand, the elastic anisotropy provides the basis for fabricating sophisticated 3-D architectures [17] .
IV. CONCLUSION
Strain-induced self-rolling semiconductor nanotubes and related structures represent a new class of building blocks of nanotechnology. The top-down fabrication approach allows largearea assembly with high precision, although uniformity could be challenging for smaller nanotubes. The dispersion of functional SNTs onto a solid surface of choice and into solution could lead to flexible sensing applications. With well-controlled formation patterns and sizes, along with the versatility of compound semiconductor in junction formation and bandgap tuning, SNTs hold the potential for yet another paradigm of nanotechnology.
